Secreted by the adipose tissue, adiponectin is an adipokine with unique anti-diabetic, anti-obesity and antiatherosclerosis properties. Adiponectin has been proposed as a drug target for treating obesity-related diseases and many existing drugs have been found to regulate circulating adiponectin levels in humans. The initial goal of this study was to characterize the binding of potential ligands to adiponectin. However, the binding site of dimethyl sulfoxide (DMSO) was incidentally discovered by solution NMR. As the widely used solvent for many ligand binding assays, DMSO binding at the atomic level has never been reported. Our results indicate the necessity of characterizing the binding of DMSO prior to perfoming ligand binding assays.
Introduction
Over the past decade, adipose tissue has been shown to produce numerous factors that act as hormones [1] . These include well-characterized hormones such as glucocorticoids, leptin, resistin, and adiponectin. Most of them act on the brain to regulate energy balance via dual effects on food intake and energy expenditure [2, 3] . Adiponectin mediates its actions through the AMPK (AMP Activated Protein Kinase) or PPARs (Peroxisome Proliferator-Activated Receptors) pathway [4] . Adiponectin exists in three characteristic noninterchangeable isoforms in blood circulation: trimer, low-molecular weight (LMW, dimer of trimers), highmolecular-weight (HMW, mostly hexamer of trimers) [5, 6] . These three forms display distinctive biological functions, and the HMW form in particular exerts beneficial metabolic effects via insulin sensitization [5] . The HMW and dimer of adiponectin trimers, but not the trimeric subunit, can activate the NF-κB signaling pathway in C2C12 myotubes [7] . Only the HMW form of adiponectin, not the lower molecular weight oligomeric complexes, possesses anti-atherogenic and antidiabetic functions in mice and human [5] .
Adiponectin has three calcium ion binding sites near the top of its central channel and the binding sites are not symmetric in the trimeric state [8] . The crystal structure of globular homotrimeric adiponectin (gAD)3 (globular adiponectin trimer) has shown an asymmetrical trimer of P-sandwich protomers, each of which has a 10 strand jelly-roll configuration topology. The trimer is bellshaped with a wide base [9] . Adiponectin belongs to the C1q-like protein family. The Collagen α1 C terminal, which forms a C1q-like structure that resembles the crystal structure of the globular adiponectin with a stable trimer, has been shown to interact with the non-ionic detergent CHAPS [10, 11] . CHAPS is a derivative of cholesterol and the hydrophobic binding pocket of collagen α1 is preserved in the (gAd)3. Testosterone selectively reduces the circulating concentration of HMW adiponectin [12] . However, the binding of these ligands to adiponectin has not been shown directly.
Here, we tested the binding of ligands such as CHAPS, cholesterol, and testosterone to globular adiponectin by solution NMR and we found that all tested ligands induce similar chemical shift perturbations. Thus, the effect of DMSO was checked and a DMSO binding site on (gAD)3 was discovered. Chemical shift perturbations were used to map the binding site and the binding pocket was mapped on the crystal structure of (gAD)3. This study reports the first solvent DMSO binding site at atomic level and indicates the necessity of testing DMSO binding when DMSO is used as the solvent in ligand binding assays.
Experimental Procedures
The gene for the C-terminal globular domain of mouse adiponectin (residues 108-247) was synthesized with optimized codon usage and was sub-cloned into a pET11a vector at the restriction sites NdeI and BamHI. When expressed in E. coli BL21 (DE3) cells at 37 ºC, The cells were disrupted by using a microfluidizer in 10 mM Tris-HCl pH 8.5 containing 1 mM CaCl 2 and 5 mM DTT. The cell lysate was first purified on a DEAE column with a linear 200 mL gradient from 0 to 500 mM NaCl. The fractions containing adiponectin were pooled and then purified on a S100 gel filtration column in 10 mM Tris-HCl pH 7.5 containing 300 mM NaCl, 1 mM CaCl 2 and 5 mM DTT. The protein was further purified on a MonoQ column in 10 mM Tris-HCl pH 7.5 containing 1 mM CaCl 2 and 5 mM DTT with a linear salt gradient. The identity of the protein was confirmed by electrospray mass spectrometry (the calculated value for the monomeric adiponectin C-terminal domain, 16,286 Da; observed, 16,285 Da). Using light scattering coupled to a gel filtration column, we confirmed that under native conditions (10 mM Tris-HCl pH 7.5, 300 mM NaCl, 1mM CaCl 2 and 5 mM DTT), the adiponectin C-terminal domain (globular adiponectin) forms a stable trimer since light scattering only reflects the bulk properties and is not sensitive to minor species, there is no indication that the adiponectin C-terminal domain forms oligomers with a molecular weight higher than a trimer.
The trimeric C-terminal domain of adiponectin has an overall molecular weight of ~50 kDa, which warrants perdeuteration for obtaining high-quality NMR spectra [13] . The NMR sample of fully 2 H, 13 C and 15 N-labeled globular adiponectin was prepared in 10 mM Tris-HCl buffer pH 7.2 containing 1 mM CaCl 2 and 1mM DTT. The NMR experiments were conducted at 25 ºC on a Bruker 800 MHz Ultrashield instrument equipped with a TXI cryogenic probe. 2D TROSY-HSQC were collected and different ligands with different concentrations were titrated sequentially. The spectra were processed with NMRpipe [14] and NMRView [15] . The radial shift, Δω NH (in ppm) is calculated to scale the 15 
Results
While there are few reports of DMSO influencing cellular function, it has been shown to increase the overexpression of G protein-coupled receptors [17] . However, the main role of DMSO in drug discovery is used as a solvent for ligand binding assays [18, 19] . The interaction between DMSO and proteins has not been characterized from a structural perspective to our knowledge. If there are specific interactions between DMSO and proteins, binding may affect ligand or drug binding if they compete for the same or overlapping binding site. Therefore, the measured ligand or drug binding affinity could be misleading in some cases.
In this study, we used NMR to map a DMSO binding site on globular adiponectin. Globular adiponectin exists in a trimeric state as shown by light scattering data. The molecular weight of the monomer is 16.1 kDa, so the expected trimeric adiponectin is around 48.3 kDa. The observed molecular weight is 2.2 kDa off. The HSQC spectrum of 2 H, 15 N labeled trimeric adiponectin was collected on 800 MHz NMR with a cryoprobe. DMSO was titrated into the protein solution between measurements and thoroughly mixed before data collection. The spectra with different concentration of DMSO were stacked and the chemical shift perturbation was observed by the shift of the Gaussian peaks ( Figure  1 ).
The binding affinity was calculated by fitting the chemical shift to a single site binding equation (Figure 2) . The fitted binding affinity is consistent among the shifted amino residues. We also used a computational method to predict the DMSO binding site with the online server AutoDock4 [20] . The predicted binding site is also consistent with the experimental mapped binding site. Thus, we propose that there is a DMSO binding site on the top of globular adiponectin. DMSO is absent in mammalian circulating systems, but we do find that DMSO can interact with adiponectin in vitro. One possible reason is that adiponectin binds to other molecules that are structurally analogous to DMSO and share similar binding pockets.
Discussion
Given the polymorphism of adiponectin structures and the high abundance of adiponectin in circulating system, the functional roles of adiponectin must be diverse and important. Based on the finding in this study, we propose that adiponectin binds to some unknown ligands with some structural similarity to DMSO. The story of cannabinoids exemplifies a similar research strategy [21] . D9-tetrahydrocannabinol (D9-THC) derived from marijuana was found to influence central nervous system in a dose dependent manner and stimulate the discovery of cannabinoid receptor [22] . Then, an intriguing question became why do animals express a membrane receptor that binds to a compound derived from plants? With this insight, people have discovered several endocannabinoid in animals [23, 24] . Thus, it is reasonable to predict that there will be some unknown ligands that can also bind to adiponectin with structural similarity to DMSO.
